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INTRODUCINON

Iuternational cooperation by the U8, Gennany and 1aly produced the Spacebome Tiaging, Radar-C/X-
band Synthetic Aperture Radar (SIR-C/X-SAR) system, which successtully flew aboad the Shattle
Euodeavour in Apri) 1994 and apain in Octobes 3994, 'The SIR-C/X-SAR mission objectives ate to cany oul
spectlie scicntifie investigations over the entite Farth relasive 1o ccology, hydiology, geology, and
occanopraphy, The intetnational SIR-C/X-SAR Scicnee Fean includes fifty-two members, selecled from
thirtleen countries and Lwenty-hve vniversifics. These scicntists, suppoied by vatous participants,
petfonmed extensive ground ot measurements around the worid during: the fliphts,

The dnternational use of spaceborne imaging SARs for Joag-tenm Faribe obscrvation has dramatically
incrcased over the past five yeas, The Furopean Space Ageny (BSA) Renote Sensing Satellite (HRS-1)
and FRS-2 C-band SARs weie launchied in 1991 and in Ap:il 1995, 1especiively. The National Space
Development Agency (NASDA) of Japan Barih Resovices SatcHite (JERS 1) 1-bond SAR was Tannched in
1992 1n September 1995, the Canadian Space Agency is scheduled o Lannch RADARSAT, a C-band SAR
with a number of modes for selectable pointing, 1esolution, and groned coverape. ESA IS also planning to
Lwnch an Eovitomnental Satellite (ENVISAT) in 1998, which will be a C-band SAR with anactive phased
anay antenna and two polatizations, Russia is planuing the ALMAYZ Mission, which is an S-band SAR
with mechanical beam stecring.

Fig. T shows the SIR-C/X-SAR system duting the second fiight as viewed from the Shattle crew cabin,
This system is the world's fust spacebome multifiegoency, muttipolatization imiging 1adar and is unique in
a number of ways. Intetderometie processing with be possibl - at all thece ficquencies, using repeat-tack
data. SIR-C utilized an active phased anay antenng for clectroie beam stecting and beam shaping, as well
as operation in g scanning of dwell mode, SIR-C was doveloped for NASA by the Jet Propulsion
Laboratory (P, The STR-C antenna panels and associated clechionics were provided by Ball Acrospace
Corpmation under contract with 191, X-SAR was developed for the German and Jalian space agencies by
the German Acrospace Vstablishment (DFI) and the compani =< of Dornics in Genmany and Alenia Spazio
in Ialy,

SIR-Cis s major step forward in the seinies of NASA spaceborne imaging radin missions that began with
Scasat in 1978 [1] aud continued in T981 with SIR-A and in 1984 with SIR-B 2], cach iuanaged by 1P
Fach of these predecessors 10 SIR-Cowas an Le-band SAR with a single polanization and a passive atiay
anteuna. Seasat flew at an 800 kan altitude with a fixed 20-deg look angle. SIR-A and SIR-B flew modified
Scasat radin eguipiment aboard the Shutle with SIR-B having & mechanically sicerable antenmg,

MISSION OVERVIE WY

The SIR-C/X-SAR mission cousisted of g 10-day fligat in Apnil and a second 10-day flight in
September/October 1994 The orbit inelination for the SIR-C flights was 57 degp. The Shuttle altitude of
225 ki allowed a slight westward diiftin the cquistorial croscing longitade duits near one-day 1epeat onbit
(o capture data from the radin sites over a broad range of incidence angles and aspect angles. Dati "takes”
were largely over experiment siles selected prion to aunch, with sotae in flight "tarpets of oppottanity™.




The orbital altitude was 1 inmmced for the last tnee days of the second {Hight in order to provide the
appropniate geomcetry forepeal-tta ck inte erometric datafronsday (o diy atd over the six oniths between
flights. Vhe second fhight provided the opporiunity for assessin nt of change with tiime due (o scasons and
other lactors, A total of 143 hows (93 teiabits) of SAR datoy wese dig itally Gipesceosded abomdthe Shutlie
101 the two flights for subsequent processing at 3P and in Gonnany and Taly, Sclected SAR data gy
downlinked via the Tracking and Data Relay Satellite Systein (FDRSS) to Hooston operations and 111, for
processing during the mission, ‘Fhe shuttle crew photog raphed many of the sites forsubsequent compiison
of optical and 1adi images,
LAXGHFSYSTEM OVERNIEW

Fipute 2 is a block diagram of the SIR-C/X-SAR flight system aboard (he Shuttle, consisting of frve
tadats with mierous selectable modes and paratseters, SIR-C operated at 1-band and C-band vsing up 1o
four simultancous transmwitieccive polatizations, whife X-SAR opetated at X-band using a single vertical
polatization. ‘Thie SIR-C active phased anay antenng provid-d for clecttonic beam steering and beam
shiaping, including operation in a scanning (SCANSAR) or dvelt (SPOTHIGH T mode. The SIR-C SAR
data collection was constrained by the Shuttle record 1ate of 180 Mbps, utilized by multiplexing four 45
Mbps channels. X-SAR had a single chanuel at 45 Mbps. The multiple elements of the phased aoay
antenng, the redundancy in the sensor clectionics, and the dat touting flexibility gave SIR-C significant
failuie tolerauce. The STRCX-SAR system weiphed asppioxing dely 20,000 pounds and used np 10 9 Kw of
Shutde power when opetating. While the SIR-C clectionics cquipment was conservalive in construction,
the overall tadan capability was state-of -the-mi.

The Shuttle interfaces included mechanical, power, Giming. ground connunnication and data recording,
The crew operated the thiee high-tate digital 1ecorders located in the crew cabin to record all data on tape
cassettes. The SIR-C/X-SAR thiee antennas were mounted as @narray on a conunon support stractore, with
the atray echanical boresight Glted at 14 deg aclative 1o the Shuttie. Duting, data takes, the Shutte was
normally rolled 26 deg for an antenng look angle of 40 degp and was positioned Gl forward o nose forward
as required to provide coverage on cither side of the ground track, The Shatde porformed yaw stecring duning,
data takes 10 maintain a managcable Doppler centroid offset by compensating for altitude vaiation and
LEartl’s 10tation, which was especially helpful for X-SAR.

RADAR SYSTEM MODES AND FARAMIIERS

Multiple Frequencies and Polarizations

SIR-Cand X-SAR were effectively five 1adars with 1epaid O ficquency and polacization. SIR-C operated
at1250 Mtz (1 - bind) and 5300 Mz (C-Land) withupto fous simultncous tansmit/cecive polatizations
(VV, VII, HV, VV), while X-SAR opcrated at a single 9600 M7 (X-bomd) frequency wi th Vv
polatization. Table 1 sutmanizes the possible SIR-C ficquerncy and polatiz wion combinations and thei
utilization of the four 45 Mbps data channels. Sill-(~ 1equited four physically sepatate R ttansmitand
receive chiannels for simultancous Operationat 1 -band and C- band, cach using both verticat and hotizontal
polatizations. In order to opetate dual-pol tansmit ata given frequency, the verticaland horizontal 1y111s¢'s
are Stagpered in time at Onc-half the interpulse period so as toseparate the K e and cross-pol echio 1ctuns,
The standard data configuration provides a single 45 Mbps chinmel for a single frequency and polacization
combination. The effective datarate is doubled formodes whic I provide two chiannels fora given friequency
and pole nization combination, The cffective datsrate is halved tor the dual -frequen ey, quad-pol mode, where
both like and cross-pol are time-multiplexed in a single channe 1,

The SIR-C/X-SAR range ol rada sensitivity to suriace songhiness and radas signal penctiation iV extended
by o factor of § over that of a single ficquency systenn, Multipie polatizstions enhance the rada baCkscatier
sensitivity 1o towget stactore |30 With the amplitude of four polanizations and thie relative phase between
them, the complete scattering matrix Or - a scehie can be derived on s pixel-by-pixel basis, From the
scattering miati ix, all polatization 1¢8ponses can be genctated during processing |41 The active phased aay
provided the increased sensitivity 1equited (o detect weak { 1oss-polinization cchoes, while maintaining




acceplable tansmil power levels, due 1o the location of the tiznsmit amplificrs and 1eceivers next (o the
antenua radiating clements.,

Transmit Pulse Char acten istics

Both SIR-C and X-SAR could selecta L0)-hilly o1 20 My tansmit bandwidih, waddition, SIR-C could
opetate at 40 My, In ercased bandwidih provided increased spatl resolotion at the expense of swath width,

X-SAR had a single transmit pulse Iength of 40 ps, while SIR-C had 8.5, 14/, 01 33 ps. 'Ihe longe
pulse lengths provided increased the signal-to-noise ratio atthe cxpense of Shatthe power,

Pulse Repetition Yrequencies (PRES) 101131240 10 1736 P ulses per sceond were available for both SIR-
Cand X-S AR. Onc value was selected per data take for both STR-Cand X-SAn sothattheimagery could
be compared on a pixel-by-pixel basis. 1 .owan PRV allowed reduction of tange ambiguitics with wider
swath, while the higher PRI provided a highes signal-to noise 1atio and seduced azimuth ambiguities. The
sclection of PRIC also determined the position of thie echo digitization window in the interpulse period.

Data Format

SH-C could sclect 4 o1 8 bits/word and X-SAR conld scleat 4 o 6 bitsfword. Tn addition, SIR-C could
select a compression scheme known as (8,4) block floating pont quantization. Yhis provided an incieased
dynamic range al a data rate-cquivalent to the 4 bits/wosd format,

Antenna Pointing

Both the SIR-C aud X-SAR boresights could be stecied in 0.25-deg incremients in the across-tiack
(clevation) direction over 120 deg relative to the nominal 40-deg ook angle provided by Shattle roll. This
allowed flexibility of coverage for target arcas located at varying distances from the Shuttle ground track. A
58-deg ook angle was the maximum achicvable with the nnuimum beamwidth due 1o 1ange ambiguity
limitations,

Antenna Beamwidith/ Swath Width

The X-SAR antenna had a fixed beamwidth of 5.5 degin clevationand (1. 14 deg jo azinuth, The SIR-C
antenna beamwidths in the azimuth ditection were t.() deg atl -band and 0.25 deg, at C-bhawg e SIR-C
phascdanay provided for broadening of the beam inthe elevation ditection from its minitum 5-deg valoce.
Seven SIR-C beam broadening Values could be selected for an illumination beamwidth in elevation of up to
16 deg. The swath width actually achicved in the image is detesmined by the system data Cabacity 10 produce
full range compression over the entite image sabapled, as well as by the antenna ilumination. After
selection of the Jrequeney/pyolarization Miode, bandwidth, dat: fotmat, and qutenng bos csight angle, a beam
broadening value was sclected to more optimally iluminate the tanget. Thiswvolved a ade yrviccen PRE
and range and azimuth ambig vitics, The maxitain swath wr dth achieved for X-SAR was 60 km and the
maximum 101 SIR-C (without SCANSAR) was 90 k. “The minimun swatl powidih was 15 ki for the
Silt-(: dual -frequency, quad-pol ode,

SIR-C/X-SAR Interferometry

Whete the same target is imaged from slightly different positions, the SAR data can be
interferometiically processed to deletmine tetain height [S10This allows sectification of tadar imaging
distortions attributed to clevated features. Under cctiain consditions, repeat images also allow detection of
(erain change with time in the 1adar direetion with high precision (in the em range). Data wete colleeted
duting the two flights, which will allow 1epeat-track interfarometric SAR processing at all tuee SIR-C/X-
SAR fiequencics. Interferometric baseline sepatations betwecn repeat orbits of 10 to 4700 ne were oblained.
Day-to-day 1epeats weie accomplished duting the sccond flight as well as 6 mo repeats between flights.

SIR-C also had an along-track intesferometric mode for detection of motion in the azimuth direction.
This mode was achicved by operating the outermost C-band panels as sepiavale antennas sinnltanconsly.



RADAR SYSTHEM PERFORMANCYE

The key SIR-C/X-SAR system performance parameters a:¢ spatial 1esolution, ambiguitics, impulsce
1esponse sidelobes, sensitivily, dynamic range and polatization isolation. The pedfomance values achicved
during flight arc summatized in Table 11 During both missions in April and September of 1994, the SIR-
C/X-SAR system performance exceeded all its requirements,

The spatial resolution is the width in melers of the system impulse response at the 3 di points [0, 7].
While azimuth (along-track) resolution is stated as ground distance, range (actoss-track) 1esolution is stated
as slant range distance. The

—_—

ant range remains constant with incidence angle across the swath, while the
surface resolution varies. The image quality of a pictute eleinent (pixcl) is degraded by undesired outside
encrgy which spills into the desired pixel. ‘The primary contributors are range and azimuth ambiguitics [8,
9] and encrpy outside of the mainlobe of the systen impulse response [10]LThe system sen itivity is the
surface backscatter cocfficient producing an echo signal streng th cqual to the system noise. The sensitivity

vaties with pulse duration, bandwidth, and incidence angle.,

TIGHT HQUIPMENT DESCRIPTION

Fig. 3 shows the SIR-C/X-SAR antenna and support stractute being mated with the sensor electronic
which are installed on the Shatle pallet. The sensor clectronics included 10 major RV, digital and power
distribution asscmblics.

Antennas

Gpure 4 shows the full SIR-C/X-SAR auntenna anay as well as one panel at cach fiequency. The thiee
antenna physical apertures have the same along-track lengths of 12 m, which sesul in azimuth pattern
beamwidths proportional o theit wavelength, This allows sclection of the same PRE for all thiee
frequencics. They physically share the 4.2-m across-track dimension proportional to their wavelength,
which results in approximately equal clevation patiein b ‘amwidihs,

The SIR-C 1 ~band and C-band antennas were active phased arrays, consisting of pancls containing the
radiating aperture and the integrated transmi and reccive electionics, The patcl 1adiating aperture consisted
of mictostrip patch clements combined into subarrays, with cach microstiip patch clement shared by the
vertical and horizontal polarization channels. Tach 1.-band pancl contained @ subatrays in the across-track
ditection consisting of 6 clements along-tiack. The 9 subattays weie fed by 7 Transinit-Receive (1-R)
modules for each polarization. 'The phase of cach subarray could be independently controlled by a 4-bit
phase shifter, which allowed stecting, in increments of 22.5 deg as well as shaping, of the pattesn. 1 sach C-
band pancl was configured similar o 1.-band, except that it had 18 subanays in the across-track direction
consisting of 18 clements along-track. The 18 subatrays were fed by 14 1-R modules for rach polatization.
The across-tiack aperture dimensions were 2.9 and 0.7 m and the gains were 36.4 and 42.7 dB, 1¢ spectively,
at 1 -band and C-band.

The X-SAR antenna is a 12-m by 0.4 m slotted waveguide anay with a specificd gain of 44.5 dB. The
anfenna consists of 8 pancls, cach having fourlecn resonamt waveguides with 42 displaced slots. The X-SAR
antenna is mounted 10 e common SIR-C/X-SAR truss and is mechanically steered in ¢levation to the



sclected incidence angle. ‘The X-SAR antenna patterss is tapes od in clevation, as is SIR-C, for reduced
sidelobes and improved ambiguitics,

RE Electionics

The SIR-C RY electronics drive the antenna distributed high-power ataplificss with chirp signals at 1.-
and C-band frequencics for both 11- and V-po larizations. The SIR-C chirp is a dip, itally £ enerated touge,
which is successively frequency siepped acres the RE bandwidth over the pulse datation, The sive of the
steps were selected for a low phase e ror when correlated againstan ideal lineaw 1 ‘Msignal. 1 ‘or the doal-pol
transmit mode, the second polarization is transmitted with a delay of onc-half the interpuolse period relative
1o (hc first, 'Yhe transmit pulse bandwidths (10, 20, 0140 MI Iz) and puke leagths (8.5,17, or 33 11s), were
made feasible by the digital chirp generation,

The S IR-C return echoes from the antenna dish ibuted low-noise amplificrs ar¢ downconverted in the Ri¢
clectronics to four channels LV, 1.11, CV, CID) of sange offset video. Yosa dual-pol transmit modc, the
receiver gain will be toggled to be low for the like-fd and high for the ¢ross-pol echo. 1ach video output
could be steered to any of the four digitizer input channels,

The X-SAR RY clectronics nses iwo surface acoustic wave (SAW) devices to pencrate the 10- or 20-
Ml 1z bandwidth chirp pulses, which drive the transniittet. ‘Fhehigh poweramplifier (1 1} "A) power supply,
control, and protection devices arc contained in a low voltage section. The traveling wave tabe (FW')
amplificr is contained in a scaled container at 1 atmosphere of pressut¢. ‘1 he peak WL output power is 3.3
kilowatts and the overall J J I'A efficicncy is 28 per mitt.

The X-SAR recciver gain is commandable from the ground or antomatically controlled (AGC). The X-
SAR recciver system, unlike SIR-C, incorporates quadratiie receiverontpuls to provide both 1 and Q
outputs for data processing.

Digitizer and Formatter

Yach of four SIR-C data channcls accepts one of the four offset video channels from the SIR-C R
receivers, where each channel contains a frequency and polarization as definedin Table 1. J ‘ach channel is
dig itized, buffesed, formatted and output al 45 Mbps 10 the 1 outing 1€ onics inthe ¢ cw cabin. The output
format is sclectable as 8 bits/sample, 4 bits/sample, or (8,4) block floating point quantization (B11°Q). For
BIPQ, datablocks of 128 samples of raw ccho data are digitized to § bits/sample with uniform
gquantization. Subsets of 4 bits of cach 8-bit sample are seleeted by a predetermined algorithm, effectively
moving the “floating point™ marker’ in binary data. The (8,4) BEPQ method provides an output rate similar
to a 4-bituniform systemn but with the dynamic range of an 8-bit systent,

J ‘or X-S AR, analog J/Q datarcccivers arc converledto digital form withi either 4- or 6-bit converters.
After time expansion and formatting, a serial data strecam at 45 Mbps is provided by X-SAR 1o the routing
clectropics in the crew cabin,

Data Routing and Recording

All SIR-C and X-SAR data were recorded onboard the Shuttic by thtee tti~ll-rate digital secordersin the
crew cabin, The data routing electronics in the crew cabinreccived a parallel 8-bil stream from each of the
four SIR-C channcls at 45 Mbps and multiplexed the data into a single patalicl 8-bit channcl at 180 Mbps
for one of the onboar d recorders designated for S1 R-CL ‘1 'he serial X-SAR data stream was converted 1o
paralicl and recorded on the recorder dedicated to X -S AR, The data were recorded on tape casseties, tacit
storingup to 3.2 x 1 ()7 bits. A total of 360 tapes were recorded during the two flights, 1t was also possible
1) route one of the SIR-C or X-SAR real-time input data channels or one of (he recorder playback channels
as aserial 45-Mbps data stream to the ground, using the Shuttle Ku-band Jink via the THRSS.

Command, Timing, and Telemeltry
Control of SIR-C/X-SAR during the mission was via commands uplinked from the ground through the
Shattle communication links, The SIR-C command sequencer stored vp to 128 separate 512-bit commands



inits onboard memory and exccuted them when thein time € matched the onbom d €lock. A stable local
oscillator (S'TA1.0) in the RY ¢lectronics was used by the digital clectionics to control SIR-C PRIY
changes, system mode receiver gain, exciter timing, digitized window position, and data chanucl
switching- all of which changed stale synchronously at 1-s intervals. SIR-( used an exact integer numbcer
of PRY pulses inone secondto simplify the. onboard timing. SIR-C also used PRIs for which there are
integer number of 8-bit bytes in an echo range lne to simplify the ground processing to images. Telemetry
signals from the SIR-C assemblics were collectedinthe CI'TA and downlinked to the ground operations
cenfer,

The X-SAR digital clectronics provided all X-SAR insttuisent inted faces, contr ol, and monitoring. X-
SAR was commanded scparately from S1 R-C. X-SAR timing was controlled by a clock, which was phased
Jocked 10 the SIR-C STALQO when both systems are operating synchronously. X-SAR was also capable of
operating autonomously from its own timing,

RADAR GROUND PROCESSING

Aftes cach Shuttle landing, the SAR flighttapes were duplicated at 11, and the inaster stored. 1 duplicate
X-band tapes were distributed to the processing facilitics in Germany and Naly and duplicate SIR-C tapes
were retained at) 1)1,. Survey and precision processing will be accomplished using digital SAR processors
specially developed by cach countr y. Survey processing is done first, with reduced precision and fast
throughput, to verify collection and sclect for further processing.

Using the Shutlle Ku-band downlink via the *1'1)1<SS during the flights, X-S AR produced X-band images
inrealtime at Johnson Space Center (.1 SC) and] 1'1, produced ] .-band and C-band images in near realtime.,
These downlinks allowed € nd-to-end verification of all system components duti ng the mission and provided
limited products for public releasc.

REMOTE SENSING PRODUCTS

1 elivery of full-quality products to the Science ‘T'can forinvestigation CObnmenced in July 19941t is
expected to require about one year to complete Wl -qualicy products for the 143 hours (93 tetabig) of SAR
data. The results of scientific investigation using these products will be published by the Science Team.
The discussion which follows docs not present Science Team findings, but rather highlights the radar
remote sensing utitity as illustrated by SIR-C/X-SAR images. The black and white constraint on the
imagery shown herein limits the ability to illustrate multifreguency and inualtipolarization characteristics,
since most of the available SIR- C/X-SAR products use false color to highlight these backscatler signatures.

Topographic Mapping

‘I'he use of interferometric SAR 10 measure. clevation is one of the most powerful capabilitics of the
radar. An interferometric pair of data (taken from closely spaced positions) is processed to form complex
images; the image pair is combined to produce an interferogram (two-dimensional display of phase
differcnces between the echoes); and the differences in phase are translated to clevation, The clevation data
canbe used toremove image distor tion and produce a contou map. In addition, a three-dimensional image
may be formed by placing the image pixels atthe measured clevations. Fig. 5 illustrates this process using
1.-bred images taken over 1 .ong Valley, California duting the first and second 1 ghts with an interferometric
baseline of 100 . Although not a standard S1 R-C product, a topographic map of I.ong Valley derived from
the Sill-(~ interferogram is shown with clevation contowr inteivals of 501,

Absolute height measurement with ineter-level accuracy 1equires knowledge of the length and attitude of
the interferometer bascline to the 1 cm and 10 arc-sce levels, respectively. Siuce the Shuttle orbit for the
two flights was only determined to tens of meters, known ground points arc used to achicve accurate SIR-
C/X-SAR [orographic mcasurements. The SIR-C/X-SAR data will provide abasis for significant
advancClyent of spaceborne interferomettic tehniques through ASSESSING g of vas jous interferometric error
sources, including temporal decorrelation. Itis now clear thata properly equipped spaceborne interferomet ric



SAR system could produce a global digital clevat ion map, including clond -cover ed areas, with 30-m
resolution and 5-m accuracy. This could be done in significantly Iess time and al significantly lower cost
than with other sysfems.

Geology

'l‘hg'mdm‘ sensilivity to physical shape and roughness makes it useful for geologic mapping of fault
systems, alluvial fans, rock types, sail domes, volcanocs | 1 1], lava flows, and a number of other features.
Iigure 6 shows the Kliuchevskoi volcano in Kamchatka, Russia, which eropted on September 30,1994
during the second S1 R-C/X-SAR flight and provided atar get of opportunity fot photos and radar imaging.
The Kamchatka volcanocs are very active and lic along the tectonic boundaty where the Pacific plate is
sinking beneath the Furasian plate. This eroption spewed sulfur dioxide and ashup to 65,000 fect into the
atmosphere, which the radar penctrated 10 reveal the volcatoes physical state. Vigure 7 is aradar image in
October 1994 at 1.-band and C-band of Mount Pinatobo in the Philippines, which crupted in June 1991.
Mud flows were subscqucntly crcated during the monsoons and continuc to spread and plaguc the arca.
‘Thousands of homes have been buried in mud and reck, forcing 80,000 people to fice the ma.

Yigurc 8 shows an extremely arrid area in southern Oman, which allows the radar signals to penctrate
beneath the desert sand to reveal the underl ying limestone and ancient drainage chatinels and riverbeds. The
understanding of bow climate change impacts large Jand arcas can be developed by studying structural
features of the past[12]. This arca contains the Lost City of Vlbar discovered in 1992 through the usc of
remole sensing data.

Hydioiogy

1 ue tothe high radar reflectivity of water, backscatler is seasitive 1o moisture content in soil and ground
cover (i.e., vegelation, snow) as well as (o free standing water [13, 14]. At the saint lime, the SIR-C/X .
SARmul(iple frequency capability allows varying degrees of penctration through vegetation, snow and ice.
These capabilities allow sensing of moisture contentinsoil, vegetation and snow. Glacier accumulation and
ablation can be estimated by distinguishing between the firn snow of accumulating areas and ablating
glaciers bencath dry snow. Understanding moisture contentin in a reg ion at lows determination of major
components of the large-scale hydrologic models, Such as how much precipitation is stored and how much
runs off. In high latitudes, scasonal snow cover is a major hydrologic storage component and dominates the
runoff cycle. Glaciers are important indicators of clitnate history and change.

These same radar capabilities allow mapping of flooded as cas [15], cventliose which arc cloud-covered
and have forest canopies. Forlower radar frequencies, which penetrate to the tree tranks, the multiple
polarization capability provides enhanced backscatter signatui ¢ of flooding.

Vegetation Mapping

Radar backscatler is sensitive o the structure of trees and foliage. The SIR-( /X-SAR multiple
frequencies extend the range of sensitivity Lo leal sizes, branches, ete., since the backscatter is proportional
to the size of objects in relation to the radar wavelength, Ji addition, the inultiple polarizations provide
incrcased sensitivity to tree and foliage structure. ‘The lowcei frequencics can penctrate through much of a
canopy to provide backscatter from the tree trunks, Estimations of forest biomass can be made [16] utilizing
the returns over the S11<-~/X-SAl< range of frequencics and polarizations. 1issipationand regrowth of forest
and vegelation can be mapped.

The radar sensitivity to moisture inthe vegetationand soil is animpor it factor for vegetation state.
Iigure 9 shows a comparison between AIM i 10, 1994 and (Jctober 1,1994 of images in the boreal forest
near Prince Albert in the Saskatchewan Provinee of Cinada, “This compartison highlights the radar
sensitivity to foliage and to moisture in the soil and vegetation, which chanuge due w spring thawing and
the rainfalland dropping of leaves in the fall. The monitoring of scasonal changes is allows cstimations of
the rate of moisture evaporation and release of cadre dioxide into the atiosphere, which is critical to the
global carbon cycle.



Oceanography

The radar is sensitive to the occan surface roughness and stractore, suchas waves[ 1 7], currents [ 18] and
eddies | 19]. Thesurfacc features arc inturn an expression of subsurface inteinal waves and bottom
topography. Vigurc10 showsice flows inthe Weddel Sca in Antarctica, illustrating how the radar
capabilitics allow the classification and monitoring of sca icc. The differences in surface due, to heavy
rainfall allow the detection and monitoring of sqalls. These arc important to global climate as well as
navigation. Ships and thcir wakes are easily discernible inradar imagery. oil spills can be detected and
monitored duc 1o the smoothness of the waler in the spill area relative to the rougher surrounding ocean. In
a German experiment during SIR-C/X-SAR, a “simulated” oil spill was detecled at all three frequencies in
the North Sea. In addition to radar imagery, the SIR-C/X-SAR along-track interlcrometry allows estimation
of surface current sped.

Urban

1igure 11 is animage of 1 .08 Angeles, California during the second flight. ‘1 'he ocean and harbors arc at
the bottom and the surrounding 1 lollywoaod 1 1ills and San Gabricl Mountains toward the top. The freeways
arc easily detected as dark lines as is the Los Angeles Airport bordering the ocean. | ntermittent bright areas
arc reflections from roofs, walls, and curbs, where streets and houses run parallel to the Shuttle track.

SUMMARY

SIR-C/X-SAR has produced a uniquely rich global radar dat: set for scientific andutilitarian asscssment,
which include multiple frequencies, polarizations, incidence angles, aspect angles and resolutions.
1 nterferometric heightmeasurcmentanduse of SCANSAR were demonstrated. Through repeat passes and a
repeat flight, a temporal view is available. The SIR- C/X-SAR 1csults should contiibute significantly to the
international spaceborne imaging radar knowledge as a basis for future remote sensing endeavors.
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